The effects of archetypal food processing conditions (dough formation, baking, 25 extrusion, and cooking/boiling) on dietary fibre structure and extractability from the 26 endosperm flours of rye, hull less barley and wheat are reported. For all flours and 27 processes, the distributions of soluble / insoluble cell wall dietary fibre as well as the 28 chemical composition (arabinoxylan (AX) branching patterns, β-glucan DP3/DP4 (DP 29 = degree of polymerisation) ratios) of solubilised fractions were characterised. The 30 results show that overall the total amounts of AX and β-glucan (BG) were not 31 significantly affected by processing but that there were similar increases in the 32 soluble fibre fraction (20-29%) for baked, extruded, and boiled/cooked processes for 33 each flour, with lower (10-15%) increases for all flours processed into dough. In all 34 cases, solubilised fractions of AX and BG had very similar chemical structures to the 35 starting flour, suggesting that increased solubilisation was not due to specific 36 chemical fractions. Confocal images illustrate loosely-held associations of β-glucan 37 with the cell walls of processed foods in contrast to some of the arabinoxylans which 38 appear more tightly held within the residual cell walls. The similarities in behaviour 39 across the three grains are consistent with mechanical treatments during food 40 preparation resulting in similar extents of disentanglement of physically-constrained 41 AX and BG leading to their partial solubilisation. 42 43 44 45
The aims of this study were therefore to characterise the effect of archetypal food 70 processing operations on dietary fibre extractability, structure and properties for each 71 of three cereal endosperm flours (wheat, rye, hull-less barley) in order to 72 systematically study the effect of raw materials and food processes on potential 73 health-benefiting properties. 
Materials and Methods

75
In this study, a series of cereal food processing conditions were applied to each of 76 wheat, hull-less barley and rye. These processing conditions were selected to be 77 typical of the wide range of treatments experienced in cereal-based foods, although 78 some were unusual for one or more of the cereal starting materials. The treatments 79 assessed were dough formation and baking (relevant to bread formation), extrusion 80 (relevant to breakfast cereal and snack product production) and yellow alkaline 81 noodle (YAN) manufacture. YAN was used as an example of not only boiling and 82 cooking in water, but also of chemical (alkali) process treatment effects. The 83 introduction of the alkali serves to toughen the noodle and impart the characteristic 84 yellow colour, aroma and firm texture (Hatcher et al., 2005) . Australia. All flours were milled using commercial break rollers, were devoid of bran 92 and husks (i.e. contained predominantly endosperm), and had particle sizes <150 93 µm. Before use, flours were sifted through a 75 µm mesh and particles that came 94 through the sieve were discarded. Full analytical characterisation of these materials, 95 and all other materials used for analytical methods have been detailed in ( were performed in duplicate unless otherwise stated. The processed water 102 extractable fractions were characterised using HPLC (high performance liquid 103 chromatography) for monosaccharide contents. The processed insoluble cell wall 104 fractions were characterised by monosaccharide analysis, β-glucan analysis and 105 DP3/DP4 ratios, and confocal microscopy. The unfractionated processed foods were 106 also analysed for monosaccharide contents, β-glucan content and DP3/DP4 ratios, 107 and microstructure (confocal microscopy). 108
The monosaccharide analysis, and total β-glucan assays were performed as per 109 (Comino et al., 2013) . Histological sample preparation, immuno-labelling of AX and 110 BG, and confocal imaging microscopy were performed as described (Comino et al., 111 2014 , 2008) . Water was added at 20-25% w/w 146 (of the total dry w/w% formulation) for the wheat and rye flours, whilst for the hull-147 less barley, water was added at 48% w/w (of the total dry w/w% formulation). The 148 screw speed was 200 rpm and the configuration used is detailed in Figure 1 . 
M A N U S C R I P T A C C E P T E D
WEBG) Amounts and Percentage Calculations 161
The processed food yield percentages were calculated by subtracting the original 162 flour yield weight (g), from the processed food yield weight (g), then dividing by the 163 original flour weight and converting to a percentage. The WEAX (water extractable 164 AX) yield was calculated from monosaccharide analysis of the solubilised fraction. 165
The solubilised BG yield amounts (WEBG) were calculated by subtracting the WEAX 166 yield (g) differences with the original flour, from the cell wall yield (g) and original 167 flour difference. 168
Food Processing Operations 169
In order to determine the full effects of various food processing operations on the 170 characterisation and functionality of the dietary fibre, the endosperm flours were 171 designed to be the major ingredient (>96% w/w) in the various recipes. Other 172 ingredients were only added so that the food could be produced, for example, the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 9 yeast, sugar and salt incorporated into the dough and bread recipes so that that 174 fermentation could take place. 175
Dough Fermentation Process 176
The dough and bread procedures were performed using a Panasonic Bread Bakery 177 SD 251 (Macquarie Park; NSW; Australia) bread maker. 178
The dough procedure involved mixing all the ingredients for 10min to provide a 179 dough-like consistency, then resting for 40min, kneading for 20min and allowing to 180 rise for 70min. The dough proofing temperature was 30-35˚C. 181
The dough was then carefully scraped out of the bread maker and spread out onto a 182 baking tray (50x30cm) using a plastic spatula. The tray was then placed into an air 183 forced oven without heating, and air dried for approximately 12hrs, or until the 184 moisture content was below 5%, using a vacuum drying oven. 185
The dried dough was then crushed into a powder using a mortar and pestle, and 186 stored at -20 o C prior to analysis. 187
Bread Baking Process 188
The basic dough and bake options of the bread maker were used. This involved 189 mixing of the ingredients (including water) for 10min, then resting for 45min, 190 kneading for 20min, allowing to rise for 120min and then baking for 50min at 180-191 200˚C. 192 Complete bread loaves (including crusts) were broken into pieces by hand and then 193 as the wheat and rye noodle dough. It was difficult to feed the barley dough through 227 the rollers of the noodle machine. The dough had to be put through the rollers at 228 least five times before a sufficiently cohesive dough was formed that could be cut 229 into noodle strands. Once the noodle was cooked at 100˚C, it broke into 5/6cm 230 lengths, whereas the wheat and rye noodles remained intact after boiling. 231
Alkaline Noodle Cooking Water Preparation 232
Approximately 120g of noodle was cooked in 1.2L of boiling water for 5min. The 233 noodle cooking water (broth) was passed through a sieve (screen size <0.1mm) and 234 the broth and noodles fractions collected. Any noodle strands or solid pieces left on 235 the sieve were added to the noodle solids total. 236
The drained cooked noodles were spread onto a baking tray measuring 50x30cm, 237 and placed into an unheated fan forced oven. The noodles were dried to a moisture 238 content of less than approximately 5% measured using a vacuum drying oven. The 239 dried noodles were then crushed into a powder using a Kenwood Triblade Hand show increased levels ranging from 13% for dough to 22% for extrudate, whereas 288 the wheat and rye WEBG increases ranged from 2%-14% for all food processes. 289
This difference may be accounted for by the fact that barley not only contains higher 290 amounts of β-glucan than wheat and rye, but also that the β-glucan has been shown 291 in confocal images to be more loosely attached to the endosperm cell walls than AX 292 If unprocessed barley flour is boiled in water, β-glucan losses of up to 70% can occur 331 (Fincher, 1975; Fleming and Kawakami, 1977) . However, if barley flour is processed 332 into a fused food matrix arrangement, then the β-glucan losses appear to be minimal 333 (Table 2) . Gaosong (Gaosong and Vasanthan, 2000) reported that β-glucan from 334 barley Phoenix flour was relatively resistant to extrusion-induced fragmentation, 335 resulting in improved structural regularity enhanced by inter chain associations 336 thereby suppressing solubility and therefore losses. They also reported that 337 extrusion cooking at higher temperatures and higher moisture levels influenced the 338 water solubility of β-glucan (Gaosong and Vasanthan, 2000) . 339
Data in Table 2 show 1986) found that non-extruded and extruded wheat products contained 0.7% w/w 350 arabinose and 1.0% xylose (Siljeström et al., 1986) , in a similar A/X ratio as found in 351 this study (Table 2) . 352
Monosaccharide Analysis of the Soluble Fraction 353
From the galactose found by monosaccharide analysis (Table 3) Table 3 are therefore lower for the hull-less barley 361 processed foods when compared to wheat and rye, although the A/X ratios are 362 similar for both processed and unprocessed endosperm flours. (Table 4 ) and WEAX (Table 3) fractions of each cereal are very 372 similar to each other, suggesting that neither of these structural factors is responsible 373 for the increased polymer solubility after processing (Table 1) , consistent with data 374 for non-processed flour (Comino et al., 2014). Processed soluble WEAX (Table 3 ) 375 and insoluble cell wall (Table 4 ) fractions show apparent overall lower A/X ratios 376 compared to the intact processed food (Table 2) 
